Nitric oxide (NO), a gaseous neurotransmitter, has been implicated in the pathogenesis of schizophrenia. Accordingly, several polymorphisms of the gene that codes for the main NO-producing enzyme, the nitric oxide synthase 1 (NOS1), have been found to convey a risk for schizophrenia. This study examined the role of NOS1 gene polymorphisms in cognitive functions and related neural mechanism. First, with a sample of 580 schizophrenia patients and 720 healthy controls, we found that rs3782206 genotype had main effects on the 1-back task (P ¼ 0.005), the 2-back task (P ¼ 0.049), the AY condition of the dot-pattern expectancy (DPX) task (P ¼ 0.001), and the conflict effect of the attention network (ANT) test (Po0.001 for RT differences and P ¼ 0.002 for RT ratio) and interaction effects with diagnosis on the BX condition of the DPX (P ¼ 0.009), the AY condition of the DPX (Po0.001), and the Stroop conflict effect (P ¼ 0.003 for RT differences and P ¼ 0.038 for RT ratio). Simple effect analyses further showed that the schizophrenia risk allele (T) of rs3782206 was associated with poorer performance in five measures for the patients (1-back, P ¼ 0.025; BX, P ¼ 0.017; AY, Po0.001; ANT conflict effect (RT differences), P ¼ 0.005; Stroop conflict effect (RT differences), P ¼ 0.019) and three measures for the controls ( for the 2-back task, P ¼ 0.042; for the ANT conlict effect (RT differences), P ¼ 0.013; for the ANT conflict effect (RT ratios), P ¼ 0.028). Then, with a separate sample of 78 healthy controls, we examined the association between rs3782206 and brain activation patterns during the N-back task and the Stroop task. Whole brain analyses found that the risk allele carriers showed reduced activation at the right inferior frontal gyrus (IFG) during both tasks. Finally, we examined functional connectivity seeded from the right IFG to the dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex under three conditions (the N-back task, the Stroop task, and the resting state). Results showed reduced connectivity with the DLPFC for the risk allele carriers mainly in the Stroop task and the resting state. Taken together, results of this study strongly suggested a link between NOS1 gene polymorphism at rs3782206 and cognitive functions and their neural underpinnings at the IFG. These results have important implications for our understanding of the neural mechanism underlying the association between NOS1 gene polymorphism and schizophrenia.
INTRODUCTION
Nitric oxide (NO) is a gaseous neurotransmitter that has been implicated in the pathogenesis of schizophrenia (SCZ) (Ramirez et al, 2004; Yao et al, 2004) . This may be due to the fact that NO is a second messenger of the N-methyl-D-aspartate (NMDA) receptor (Snyder and Ferris, 2000) and that it interacts with both dopaminergic and serotonergic systems. Because 490% of NO is catalyzed by nitric oxide synthase 1 (NOS1, also known as neuronal nitric oxide synthase, nNOS) (Brenman and Bredt, 1997) , NOS1 was also thought to be involved in the pathogenesis of SCZ (Baba et al, 2004; Bernstein et al, 2005) . Accordingly, NOS1 has become a candidate gene for SCZ. Reif et al (2006 Reif et al ( , 2009 found significant associations between two polymorphisms in the promoter region of the NOS1 gene (a VNTR and rs41279104) and SCZ. Two independent studies in Asia, each of which involved two independent samples and genotyped multiple polymorphisms to cover the NOS1 gene, did not replicate the results of Reif et al (2006; but found that another SNP in intron 3 (rs3782206) was associated with SCZ (Okumura et al, 2009; Tang et al, 2008) . A genome-wide association study identified a third SNP (rs6490121) in intron 2 as one of the most significant SNPs that showed associations with SCZ (O'Donovan et al, 2008) .
Further support of an association between NOS1 gene polymorphisms and SCZ came from studies of postmortem brain tissues, animal models, and brain MRI. First, postmortem studies on SCZ patients showed abnormalities of both NO and NOS1 in the prefrontal cortex (Akbarian et al, 1993; Xing et al, 2002) . Second, animal studies on NOS1 gene knockout mice showed multiple cognitive dysfunctions related with the prefrontal cortex (Tanda et al, 2009; Zoubovsky et al, 2011) . Recently, several imaging genetic studies have examined associations between the NOS1 gene polymorphisms and prefrontal cortex functions (mostly executive functions such as working memory and attentional control). Most of these studies were conducted by Reif et al (2009; 2011) and focused on the promoter VNTR. For example, they found that the VNTR had a significant role in impulsive behavior (Retz et al, 2010; Laas et al, 2010; Reif et al, 2011) and mental disorders characterized by impulsive behavior (Reif et al, 2009) . They also conducted a series of functional near-infrared spectroscopy (NIRS) studies and found that the VNTR could affect prefrontal activity during a working memory (a letter N-back) task or an attentional control task (combining the stop-signal task with the Go/No-Go task) (Kopf et al, 2012; Kopf et al, 2011) . Their electrophysiological studies using the continuous performance test (CPT) found similar results (Reif et al, 2006; Reif et al, 2009) . Reif et al (2011) also conducted an fNIRS study on rs41279104 and found that it had a significant role in prefrontal cortex during a verbal fluency task (working memory). For another SNP, rs6490121, Donohoe et al (2009) found that it was significantly associated with working memory but not attentional control in two independent samples. The same group of researchers also conducted an fMRI study (Rose et al, 2012) with a spatial working memory task on 48 healthy controls and found that the risk allele carriers exhibited altered activation at the prefrontal cortex. Thus far, no studies have examined potential associations between rs3782206 and prefrontal functions.
In this study, we also focused on working memory and attentional control. We explored the association between NOS1 gene polymorphisms (rs3782206 and rs6490121) and these cognitive functions together with their related neural mechanism. We did not include polymorphisms in the promoter region (a VNTR and rs41279104), because their associations with SCZ were not replicated in the two studies of Asian population (Okumura et al, 2009; Tang et al, 2008) . We conducted three analyses. First, we examined potential associations between the two SNPs and prefrontal functions (working memory as measured with the dot pattern expectation test (DPX) and the N-back task and attentional control as measured with the attention network test (ANT) and the Stroop task). Subjects included 580 SCZ patients and 720 healthy controls. We hypothesized that the SCZ risk alleles of the NOS1 gene would be associated with poor working memory and attentional control. Second, we conducted an fMRI study with a working memory task (the N-back task) and an attentional control task (the Stroop task) in 78 healthy volunteers. We hypothesized that the risk allele could affect activation at certain common brain regions subserving both working memory and attentional control. Finally, we investigated whether genotype affected the functional connectivities seeded from the inferior frontal gyrus (IFG) (based on the above analysis) to the dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex (ACC). The choice of the DLPFC and ACC was based on recent meta-analyses of fMRI studies that have identified the DLPFC and ACC, in addition to the IFG, as commonly activated brain regions by different tasks of working memory and attentional control (Duncan and Owen, 2000; Minzenberg et al, 2009) . In this analysis, we used both task fMRI data from the N-back and Stroop tasks and resting-state fMRI data, the latter of which reflects brain activity with no burden of a cognitive task.
MATERIALS AND METHODS
This study's protocol was reviewed and approved by the Institutional Review Board of the Institute of Cognitive Neuroscience and Learning at Beijing Normal University. All subjects were Han Chinese and gave written informed consent for this study.
Study I: The Behavior Study
Subjects. The sample used in this study has been described in published articles Zhang et al, 2012; Zhu et al, 2013) . Briefly, it consisted of 580 patients with SCZ and 720 healthy controls. The patients were recruited between August 2008 and December 2012 from the inpatients of the Ankang Hospital in Shandong Province. All patients fulfilled the ICD-10 criteria for SCZ according to the diagnostic consensus of two experienced psychiatrists. Patients were excluded if one of the psychiatrists was uncertain about their diagnosis. The positive and negative syndrome scale (PANSS) was used to assess each patient's positive (SAPS) and negative (SANS) symptoms. The mean score of the SAPS was 19.19±6.84, the mean score of the SANS was 17.89 ± 7.64. All patients were treated with atypical antipsychotics. Exclusion criteria for the patients included a history of other psychiatric disorders and severe brain injury (any closed or open injuries that may be related to current symptoms or cognitive functions), current substance abuse, currently having acute psychotic episodes, and failure to cooperate during the cognitive tests. The healthy controls were from the same geographical region as the patients and were interviewed by experienced psychiatrists to screen for any personal or family history of psychiatric disorders. None of the patients and controls reported any history of hard drug use (eg, cocaine, crack, heroin, methamphatemine, etc.) . Because older people are more likely to have certain chronic diseases such as long-term diabetes and hypertension that can affect their brain function, we limited our samples aged o45 years.
Additional demographic information for both patients and the healthy controls is shown in Table 1 .
The procedure for subject recruitment and test administration was the same for all subjects, including both patients and controls. A clinician first judged if the patient or the healthy control satisfied the inclusion and the exclusion criteria. Then the clinician and a psychologist together explained the study (including blood drawing and cognitive tests) and answered all questions the subject had. After the subject fully understood the study and signed informed consent document, the blood was drawn, and the subject was asked to perform the cognitive tests.
Cognitive tasks. All tasks have been introduced in our previous studies Zhang et al, 2012; Zhu et al, 2013) . Briefly, IQ was tested with Wechsler Adult Intelligence Scale-Revised, which was individually administered on paper and pencil. All the other tasks were administered using an IBM 14-inch screen notebook. The N-back task was a modified version of the task by Callicott et al (1998) . Stimulus was a white circle presented randomly at one of the four corners of a grey diamond-shaped square. The four response buttons were also arranged in a diamond shape. Subjects were required to press one of the four buttons to match the target stimulus. Three task conditions (0-, 1-and 2-back) were used. Each condition (performed in one block) included 48 trials. All subjects followed the order of 0-, 1-, and 2-back conditions. Error rates of both 1-and 2-back trials were used as the main measures according to the twin study by Blokland et al (2008) .
The DPX task was similar to that introduced by MacDonald et al (2005) . It included 4 blocks, each of which included 40 trials (pairs of cues and probes). The stimuli were Braille font dot patterns. There were four conditions: AX, AY, BX, and BY, where A represented the valid cue, B the invalid cues (five in total), X the valid probe, and Y the invalid probes (five in total). Subjects were asked to press the target key when A was followed by X and press the non-target key in all other conditions. The 40 trials of each block consisted of 28 (70%) AX trials, 5 (12.5%) AY trials, 5 (12.5%) BX trials, and 2 (5%) BY trials. Error rate of the BX condition, error rate of the AY condition, and the difference between them (BX À AY) were used as the main measures.
A short version of the ANT (144 trials) was downloaded from Fan's webpage (http://www.sacklerinstitute.org/users/ jin.fan/). Stimuli were a central arrow and four flanker arrows (two for each side). Two conditions were involved: congruent condition (the flanker arrows were in the same direction as the central arrow) and incongruent condition (directions were opposite). Subjects were asked to respond according to the direction of the central arrow while ignoring flanker arrows (Fan et al, 2002) . The conflict effect was calculated by subtracting the mean reaction time (RT) of the congruent condition from the mean RT of the incongruent condition. The conflict effect (RT differences) and its ratio (conflict effect/mean RT, which took into account the effects of overall mean RT) were used as the main measures.
A computerized version of the classic Stroop task was used in this study. Color words were presented in three different ink colors: red, green, and blue. The subjects were asked to press one of the three keys to indicate the color of ink while ignoring the meaning of the color word. The ink color and the word's meaning may be congruent or incongruent. The conflict effect and its ratio were calculated in the same way as described above for the ANT and were used as the main measures.
Genotyping. Genomic DNA was extracted using the standard method. Both SNPs, rs6490121 (A4G) and rs3782206 (C4T), were genotyped using Taqman allele-specific assays on the 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The sample success rate for this SNP was 495%. The reproducibility of the genotyping was 100% according to a duplicate analysis of 10% of the genotypes.
Statistical analysis. The Hardy-Weinberg Equilibrium (HWE) test of the SNPs was done using the PLINK program (Purcell et al, 2007) . All other analyses were done using SPSS version 17.0. Non-genetic factors, including age, gender, and years of education, across genotypes were compared by either one-way ANOVA or the chi-square test. The associations between cognitive function and SNPs were analyzed by two-way ANCOVA. In these analyses, genotype (for rs6490121, AA vs AG vs GG; for rs3782206, CC vs CT NOS1, IFG and executive function Z Zhang et al vs TT) and diagnosis (SCZ vs controls) were fixed factors. Following our previous studies, demographic factors, including age, gender, and years of education, were used as covariates. Significant main effects of genotype or significant interaction effects of genotype Â diagnosis were followed up with the simple effects analysis of genotype in patients and controls separately. In the simple effects analysis, age, gender, and years of education were also used as covariates. Significance level was set at Po0.025 using Bonferroni's correction for the number of SNPs (2).
Study II: The fMRI Study
Subjects. A separate sample of 78 healthy controls was included in this study. Due to their excessive head motion (42 mm or 21), three subjects were excluded from the N-back fMRI analysis and two were excluded from the resting-state fMRI analysis. All subjects were recruited by advertisement and were interviewed by experienced psychiatrists to screen for any personal or family history of psychiatric disorders. All had normal or correctedto-normal vision and were right handed as assessed by the Edinburgh handedness inventory. Detailed demographic factors are shown in Table 3 .
fMRI tasks. Because previous twin fMRI studies have demonstrated the usefulness of the N-back (Blokland et al, 2008) and the Stroop task (den Braber, 2012) in genetic studies, these two tasks were adapted for the current fMRI study. All subjects received training until their accuracy on both tasks showed no more improvement for several trials. The N-back task included two runs. Each run (lasting for 192 s) consisted of eight blocks, in which the 2-back condition alternated with the 0-back condition in an A-B-B-A manner (0-2-2-0). A centrally placed fixation cross was presented for 16 s before each set of four blocks of the task. Each block started with a 4-s on-screen instruction (either the number '0' or '2' on the center of screen indicating the type of working memory task to be performed). There were eight trials in each block. In each trial (lasting for 2 s), the stimuli were presented for 500 ms followed by a 1.5-s blank. Subjects used a fiber-optic response box with four buttons arranged in a diamond shape. Subjects pressed one of the four buttons to match the target stimulus. The Stroop task consisted of 120 trials. Each trial began with a 500-ms fixation cross followed by the stimuli presented for 1 s and then a 2.5-s blank. The same response box as the N-back task was used. Subjects pressed the left button for red, the upper button for green, and the right button for blue. The bottom button was not used.
fMRI data acquisition. Imaging data were acquired at the Brain Imaging Center of Beijing Normal University. Subjects lay supine in a Siemens Trio 3T scanner with their head snugly fixed with straps and foam pads to restrict head movement. Resting-state images (240 volumes) were acquired first. Subjects were then moved out of the scanner and received training on the tasks. Back into the scanner, subjects were asked to perform the cognitive tasks while being scanned. The same echo-planar imaging sequence was used for both resting-state and task-related fMRI. Para- , and smoothing with 8-mm full-width at half maximum (FWHM) of the Gaussian smoothing kernel.
Contrast image for each subject was produced by firstlevel analysis: the 2-back condition minus the 0-back condition for the N-back task and the incongruent condition minus the congruent condition for the Stroop task. In these analyses, a high-pass filter at 128 s was used to remove noise associated with low-frequency confounds. The resulting images were then entered into a second-level analysis for the N-back task and the Stroop task separately. Two-sample T-test was used to test differences between the two genotypes (risk allele carriers vs noncarriers) and subjects' age, gender, and years of education were controlled for. In the analysis of the N-back task, the accuracy of the 2-back task was also used as a covariate to exclude the effect of behavioral performance. Significance level was set at voxelwise Po0.005 and a cluster size of no fewer than 139 contiguous significant voxels, which would yield an Alphasim corrected threshold of Po0.05 as determined by the Alphasim program in the REST software (http://software.incf.org/ software/rest-a-toolkit-for-resting-state-fmri). To obtain the overlapping regions between these two tasks, we defined the significant clusters in the Stroop fMRI analysis as regions of interest (ROIs) by the MarsBar toolbox (http://marsbar. sourceforge.net/), then used these ROIs as masks and re-ran the second-level analysis of the N-back fMRI data.
We also conducted psychophysiological interactions (PPI) analyses (Friston et al, 1997) on task-related functional connectivity (FC) between the seed region (14 overlapping voxels between the two tasks) and the target regions of bilateral DLPFC and bilateral ACC. This analysis was also conducted using SPM8. Three regressors were used: the time series of the seed, the condition series of the two tasks, and the PPI term (ie, the interaction between the first two regressors). Two-sample T-test was used to compare PPI differences between genotypes controlling for age, gender, and years of education. Two ROIs were used: the bilateral DLPFC (BA9 þ BA46-inferior frontal gyrus) and the bilateral ACC (BA24 þ BA32). Both were defined using the WFU PickAtlas software (http://fmri.wfubmc.edu/software/ PickAtlas) with a dilation factor of 2.0. Significance level was set at voxelwise Po0.005 and a cluster size of no fewer than 28 contiguous significant voxels in the ROI of bilateral DLPFC or no fewer than 40 in the ROI of bilateral ACC using the Alphasim program.
Resting-state fMRI data preprocessing and analysis. All image preprocessing was conducted using SPM8. In addition to slice timing, realignment, normalization (resampling NOS1, IFG and executive function Z Zhang et al to voxel size of 2 Â 2 Â 2 mm), and smoothing (8 mm FWHM of the Gaussian smoothing kernel), images were detrended and bandpass filtered (0.01-0.08 Hz). All other analyses were conducted using the REST software (http:// software.incf.org/software/rest-a-toolkit-for-resting-state-fmri). After regressing out the effect of nuisance covariates that included the six head motion parameters as well as global mean signals and signals of both white matter and cerebrospinal fluid, mean time course of the seed was extracted, and the FC between the seed and the target regions were calculated. We then obtained an FC image for each subject and used two-sample T-test to compare FC differences between genotypes controlling for age, gender, and years of education. The seed and the targets as well as the associated significance threshold were the same as those described above for the PPI analyses.
RESULTS

Study I: the Behavior Study
Sample size varied by SNP genotype and cognitive task, because the DPX task and the Stroop task were added to data collection from patients later than the N-back task and the ANT and because of minor differences in the call rates of genotyping for the two SNPs. No deviation from HWE was found for either SNP (both P-values 40.05). All cognitive measures showed normal or nearly normal distribution in both patients and controls (see Supplementary Table S1 ). All demographic and clinical data showed no significant differences across genotypes in patients, controls, and the total samples (all P-values 40.05) (see Table 1 and Supplementary  Table S2 ). For rs3782206, the main effect of genotype and/or the interaction effects of genotype Â diagnosis were significant for eight of the nine measures. The only measure without a significant effect was BX À AY (F genotype ¼ 0.53, P ¼ 0.588; F diagnosis Â genotype ¼ 0.28, P ¼ 0.760). Five measures showed a significant main effect of genotype, including the error rate of the 1-back task (F genotype ¼ 5.33, P ¼ 0.005), the error rate of the 2-back task (F genotype ¼ 3.03, P ¼ 0.049), the error rate for the AY condition of the DPX task (F genotype ¼ 7.25, P ¼ 0.001), and the conflict effect of the ANT (F genotype ¼ 9.74, Po0.001) and its ratio (F genotype ¼ 6.21, P ¼ 0.002). Only the result for the error rate of the 2-back test did not survive the Bonferroni's correction. Across these measures, the SCZ risk allele (T) was associated with poor performance. When patients and controls were considered separately, the results were significant in patients for three measures (the 1-back task, F ¼ 3.72, P ¼ 0.025, partial Z 2 ¼ 1.4%; the error rate for the AY condition of the DPX task, F ¼ 9.90, Po0.001, partial Z 2 ¼ 5.8%; and the conflict effect of the ANT, F ¼ 5.30, P ¼ 0.005, partial Z 2 ¼ 1.9%). Tukey's post hoc analyses showed that the TT genotype performed worse than the other genotypes (the 1-back task, CC vs TT P ¼ 0.151, CT vs TT P ¼ 0.009, CC vs CT P ¼ 0.092; the error rate for the AY condition, CC vs TT P ¼ 0.001, CT vs TT Po0.001, CC vs CT P ¼ 0.079; and the conflict effect of the ANT, CC vs TT P ¼ 0.028, CT vs TT P ¼ 0.001, CC vs CT P ¼ 0.149). In healthy controls, significant results were found for the 2-back task (F ¼ 3.18, P ¼ 0.042, partial Z 2 ¼ 1.0%) and the conflict effect of the ANT (F ¼ 4.37, P ¼ 0.013, partial Z 2 ¼ 1.3%) and its ratio (F ¼ 3.60, P ¼ 0.028, partial Z 2 ¼ 1.1%) (see Table 2 ). Tukey's post hoc analyses showed a similar pattern as in patients for the conflict effect of the ANT (CC vs TT P ¼ 0.004, CT vs TT P ¼ 0.001, CC vs CT P ¼ 0.693) and its ratio (CC vs TT P ¼ 0.023, CT vs TT P ¼ 0.006, CC vs CT P ¼ 0.601) (see Table 2 ).
The interaction effect of genotype Â diagnosis was significant for four measures, including the error rate for both the BX (F diagnosis Â genotype ¼ 4.72, P ¼ 0.009) and the AY condition of the DPX task (F diagnosis Â genotype ¼ 10.16, Po0.001) and the conflict effect of the Stroop task (F diagnosis Â genotype ¼ 5.90, P ¼ 0.003) and its ratio (F diagnosis Â genotype ¼ 3.29, P ¼ 0.038). Only the result for the conflict effect's ratio of the Stroop task did not survive the Bonferroni's correction. Simple effects analyses showed that the interaction effects were driven by the significant genotype effect in the SCZ group (the error rate for the BX condition, F ¼ 4.13, P ¼ 0.017, partial Z 2 ¼ 2.4%; the error rate for the AY condition, F ¼ 9.90, Po0.001, partial Z 2 ¼ 5.8%; and the conflict effect of the Stroop task, F ¼ 3.99, P ¼ 0. 019, partial Z 2 ¼ 2.1%). Tukey's post hoc analyses also showed a similar pattern as above (for the error rate for the BX condition, CC vs TT P ¼ 0.219, CT vs TT P ¼ 0.030, CC vs CT P ¼ 0.187; for the conflict effect of the Stroop task, CC vs TT P ¼ 0.267, CT vs TT P ¼ 0.016, CC vs CT P ¼ 0.238). No simple effects were significant for the healthy controls (see Table 2 ). For rs6490121, none of the main effects of genotype or the interaction effects of genotype Â diagnosis was significant (all P-values 40.05; see Supplementary Table S3 ). Therefore this SNP was not examined in the following fMRI study.
Study II: The fMRI Study
Due to the small sample size of the rs3782206 TT genotype (only six), we combined the TT genotype with the TC genotype to form the group of risk allele carriers. No significant difference was found between the carriers (TT/TC) and noncarriers (CC) in demographic factors (all P-values 40.05; see Table 3 ). Behavioral performances on both tasks were comparable between the two genotype groups (both P-values 40.05; see Table 3 ). Both tasks activated a widespread network as shown in Supplementary  Figures S1 and S2 .
For the N-back task, the whole-brain analysis (with P set at 0.005) showed that risk allele carriers showed lower activation (stronger deactivation) at the right inferior frontal gyrus (IFG) (BA44) than the noncarriers (cluster size ¼ 147 voxels, P corrected ¼ 0.036; peak voxel MNI coordinate: x ¼ 52, y ¼ 10, z ¼ 14, T ¼ 3.05, P uncorrected ¼ 0.002). The carriers also showed lower activation than the noncarriers at the right inferior parietal lobule (IPL), although it did not survive the correction for multiple comparisons (BA40) (cluster size ¼ 119 voxels, P corrected ¼ 0.119; peak voxel MNI coordinate: x ¼ 64, y ¼ À 44, z ¼ 24, T ¼ 3.95, P uncorrected o0.001; see Figure 1 and Supplementary Figure S3) .
Similarly, for the Stroop task, the whole-brain analysis (with P set at 0.005) found that the carriers showed lower activation (stronger deactivation) than the noncarriers at NOS1, IFG and executive function Z Zhang et al the right IFG (BA44/45) (cluster size ¼ 198 voxels, P corrected ¼ 0.005; peak voxel MNI coordinate: x ¼ 58, y ¼ 14, z ¼ 18, T ¼ 3.40, P uncorrected ¼ 0.001; see Figure 2 ). This cluster is very near or even overlapping with the IFG cluster revealed in the N-back task (see Figure 1 and Supplementary Figure S4) .
We then examined the FC between the seed region in the right IFG (the 14 overlapping voxels between the N-back task and the Stroop task) and bilateral DLPFC or bilateral ACC. For the Stroop task, compared with the noncarriers, the risk allele carriers showed a significantly decreased FC from the seed to bilateral DLPFC (for the left DLPFC, cluster size ¼ 30 voxels, P corrected ¼ 0.045; peak voxel MNI coordinate: x ¼ À 6, y ¼ 66, z ¼ 22, T ¼ 3.23, P uncorrected ¼ 0.001; and for the right DLPFC, cluster size ¼ 90 voxels, P corrected o0.001; peak voxel MNI coordinate: x ¼ 20, y ¼ 64, z ¼ 28, T ¼ 3.80, P uncorrected o0.001; see Figure 2 ). For the N-back task, only two voxels survived at Po0.005, with the peak at the right DLPFC (peak voxel MNI coordinate: x ¼ 12, y ¼ 58, z ¼ 22, T ¼ 2.75, P uncorrected ¼ 0.004). No significant results were found at the bilateral ACC. When we set P threshold at 0.05 and re-ran the analyses on the N-back task, we observed that, compared with the noncarriers, the carriers also showed decreased FC from the seed to bilateral DLPFC (for the left DLPFC, cluster size ¼ 66 voxels; peak voxel MNI coordinate: x ¼ À 16, y ¼ 52, z ¼ 24, T ¼ 2.42, P uncorrected ¼ 0.009; and for the right DLPFC, cluster size ¼ 60 voxels; see Figure 2 ). Across tasks and significant clusters, the Figure S5 ). Finally, we analyzed the resting-state FC. At Po0.005, resting-state FC between the seed and DLPFC was also significantly reduced in the risk allele carriers as compared with the non-carriers but mainly in the left hemisphere (cluster size ¼ 58 voxels, P corrected ¼ 0.006; peak voxel MNI coordinate: x ¼ À 32, y ¼ 26, z ¼ 38, T ¼ 3.30, P uncorrected ¼ 0.001). When the P threshold was set at 0.05, the risk allele carriers also showed reduced FC at the right DLPFC (cluster size ¼ 237 voxels; peak voxel MNI coordinate: x ¼ 44, y ¼ 36, z ¼ 18, T ¼ 3.30, P uncorrected ¼ 0.001; see Figure 2 and Supplementary Figure S5 ).
DISCUSSION
Using data from a behavior study and an fMRI study, this article examined the associations between NOS1 gene polymorphisms and prefrontal cognitive functions and associated brain activities. The analysis of the behavioral data in Study I showed significant associations between rs3782206 of the NOS1 gene and performance on multiple cognitive tasks measuring both working memory (the DPX and the N-back task) and attentional control (the Stroop task and the ANT). The risk T allele was associated with worse performance. Functional MRI data from Study II showed that the risk T allele was associated with reduced activation at the right IFG and reduced FC between the right IFG and bilateral DLPFC. These results together indicated that the risk allele affected the function of the right IFG and its connection with DLPFC and consequently affected multiple cognitive functions.
Our results expanded the literature on the role of the NOS1 gene in cognitive functions and schizophrenia. First, we found significant associations between rs3782206 and working memory and attentional control, both of which have been associated with some symptoms of schizophrenia, such as distractibility, loosening of associations, disorganization, anger, aggression, and other socially inappropriate behaviors (Braver et al, 1999) . In the previous animal studies, NOS1 gene knockout mice have showed very high levels of impulsive and aggressive behaviors (Chiavegatto et al, 2001; Chiavegatto and Nelson, 2003; Nelson et al, 2006) . In the previous human studies, Reif et al (2009) found an association between a VNTR in the promoter region and many disorders characterized by impulsivity, such as attention deficit hyperactivity disorder, SCZ, and suicide attempt. They also found an association between the same VNTR and self-reported impulsiveness, venturesomeness, and empathy (Retz et al, 2010; Laas et al, 2010; Reif et al, 2011) . They further found that the risk variant was associated with altered brain function related to working memory (in an fNIRS study with an N-back task) (Kopf et al, 2011) and attentional control (in both EEG and NIRS studies with the CPT and combined stop-signal and Go/No-Go task) (Kopf et al, 2012; Reif et al, 2006; Reif et al, 2009) . Second, in this study, the risk allele of rs3782206 seemed to have a recessive effect on cognitive functions (the risk T allele homozygotes showed the worse performance than the other two genotypes). This pattern of a recessive effect was similar to previous findings for a different SNP, rs6490121, in Caucasians (Donohoe et al, 2009) , in which the risk allele (G) homozygotes performed worse than the other two genotypes. In contrast, for the VNTR, the risk allele seemed to have a dominant effect on cognitive functions, with the risk allele homozyogtes (S/S) and the heterozygotes (S/L) showing worse performance than nonrisk allele homozygotes (L/L). Our fMRI study (with the N-back and the Stroop tasks) consistently showed reduced activation at the right IFG for the risk allele carriers (the TT/TC group) (147 voxels at BA44 for the N-back task and 198 voxels at BA44/45 for the Stroop task). In other words, the main contribution of our study is that the NOS1 gene polymorphism seemed to affect cognitive functions via the right IFG. The IFG is one of the common brain regions for both working memory and attentional control (Aron et al, 2004 (Aron et al, , 2014 . Common activations at the ventrolateral prefrontal cortex (BA47, the anterior part of the IFG) were found in a recent metaanalysis of 41 fMRI studies on tasks that mainly included the N-back, AX-CPT, and Stroop tasks (Minzenberg et al, 2009) . Another meta-analysis by Duncan and Owen (2000) found similar results. In terms of specific studies, Derrfuss et al (2004) conducted an fMRI study with three tasks (an N-back task, the Stroop task, and a task-switching paradigm) and found common activation at the inferior frontal junction (BA44/6/8, which is posterior to but overlapping with the IFG). The fMRI study by Fan et al (2003) of the ANT, the Stroop task, and a spatial conflict task also found overlapping activation at the IFG (BA44). Indeed, fNIRS studies by Kopf et al (2011 Kopf et al ( , 2012 found that the risk allele homozygotes (S/S) of the NOS1 VNTR showed lower brain activity at the IFG as well as the DLPFC. The fNIRS study by Reif et al (2011) also found that the risk allele carriers (AA and AG) of rs41279014 showed reduced activation at lateral prefrontal cortex (mainly the IFG). Reduced activation at the IFG may suggest a dysfunction of this region. Broome et al (2009) compared brain activation in three groups (patients with the first episode of SCZ, individuals at risk for SCZ, and healthy controls) while they performed two working memory tasks (an N-back task and a verbal fluency task). They found significant group differences in activation at the IFG (BA44) with a consistent pattern of SCZ patientsoatrisksocontrols. A recent meta-analysis of 12 fMRI studies of the N-back task also found reduced activation at the IFG in SCZ patients compared with healthy controls (Glahn et al, 2005) . Our result suggested a link between the risk allele and a dysfunction of the right IFG. The right IFG, but not the left IFG, has been shown to be specifically important in executive functions. Patients with unilateral right IFG lesion showed impairment in a stop signal task; moreover, the greater the damage of the right IFG was, the worse the patients' performance was (Aron et al, 2003) . Monkeys with lesion at the homologue of human right IFG also showed impairment in a Go/No-Go task (Goldman et al, 1970) . Combined with our results at the behavioral level (Study I) that the risk allele was associated with worse working memory and attentional control, our fMRI results suggested a possible pathway from the risk allele of rs3782206 to dysfunction at the right IFG, and then to impairment in cognitive functions, and consequently to SCZ.
In addition to IFG, DLPFC and ACC also showed common activation across different tasks of executive functions in previous studies (Duncan and Owen (2000) ; Minzenberg et al, 2009 ). However, we did not find altered activation in these regions in the risk allele carriers. When we examined the FC between the right IFG and bilateral DLPFC or bilateral ACC, we consistently found that the risk allele carriers showed reduced FC between the right IFG and the bilateral DLPFC during the performance of both tasks as well as during resting state, although the result of the N-back task did not survive the correction for multiple comparisons. One explanation is that the IFG and DLPFC have overlapping but also differentiated roles in cognitive functions. In addition to focusing attention on the target information and inhibiting irrelevant information, the IFG receives information from the posterior cortex and maintains it. The DLPFC, on the other hand, is responsible for higher order processing such as monitoring, comparison, and manipulation of information that is maintained in the IFG (Rowe et al, 2000; Wagner et al, 2001) . Decreased FC between the IFG and DLPFC has been found in SCZ patients (Schlosser et al, 2003; Spence et al, 2000) , which suggests a failure of functional integration between the IFG and DLPFC for SCZ patients. It needs to be mentioned that the risk allele carriers always showed negative FCs between the IFG and DLPFC during cognitive performance in this study, which may be because that the DLPFC was recruited when the IFG's activation was low (Egner, 2011; Petrides, 2000) . As for the ACC, previous studies did not find any significant effects of the NOS1 gene. Specifically, for the VNTR and rs41279014, positive results were only found at the IFG and the DLPFC and not at the ACC (Kopf et al, 2012; Kopf et al, 2011) . As for rs6490121, fMRI study by Rose et al (2012) only found significant results at the medial PFC, DLPFC, caudate, and cuneus but not at the ACC. Taken together these results, the ACC may not be an important brain region through which the NOS1 gene could affect cognitive functions.
In addition to the above major findings, two other findings of our study need to be discussed in light of inconsistent literature. First, significant relations between rs6490121 and IQ and working memory were found in a Figure 2 Functional connectivity between the right IFG and bilateral DLPFC was reduced in the risk allele carriers for all three conditions (the Stroop task, the N-back task, and the resting state). Results are shown at two significance levels (Po0.005 and Po0.05).
NOS1, IFG and executive function Z Zhang et al previous study by Donohoe et al (2009) , but they were not replicated in our study even though the two studies had comparable sample sizes and both used well-validated tasks. Possible explanations for this inconsistency may include the different racial backgrounds of the samples and the different cognitive tasks used due to that many other studies have found racial differences in genetic effects (Wang et al, 2013) and that different working memory tasks have shown low inter-correlations (Conway et al, 2005) . Future studies should include samples of different racial groups and use a broader range of measures to investigate whether the effect of NOS1 genetic variants is specific to some measures and samples.
Second, although we found significant results for the error rate of both BX and AY conditions, we did not find a significant result for the differential error rate of the BX À AY. The DPX task, a modified version of the expectancy AX-CPT task, is often used to assess the ability of context processing, an important aspect of working memory. It used pairs of cues (A is a valid cue, all invalid cues were collectively referred to as B) and probes (X or Y) as stimuli. 'X' is a valid probe only when it followed a valid cue 'A' (the AX condition). Errors under the BX condition indicated a failure of using the context information of the cue, whereas errors under the AY condition indicated that the effect of the cue was overly strong. Theoretically, the difference between the two conditions reflects the ability of context processing. However, some researchers have argued that, because most (70%) of the trials of the DPX task are for the AX condition, there is an expectation that most Xs are valid probes and thus responses to the occasional (12.5%) AY trials should be inhibited, just as for the No-Go condition of the Go/No-Go task. Therefore, in addition to context processing, the AY condition has a component of impulse inhibition, an important aspect of cognitive control, which complicates the interpretation of cognitive processes involved in the BX À AY scores.
Finally, some limitations of this study need to be mentioned. First, in addition to the SNPs included in this study, other polymorphisms of the NOS1 gene have been associated with SCZ and/or its endophenotypes in some of the previous studies (eg, the VNTR and the SNP at rs41279014) in Caucasian samples (Reif et al 2006 (Reif et al , 2009 , although not in Asian samples (Okumura et al, 2009; Tang et al, 2008) . Future studies should include all risk polymorphisms in the NOS1 gene in order to provide a comprehensive understanding of this gene's role in SCZ. Second, our behavioral data showed a recessive effect of the risk allele of rs3782206 that the TT genotype performed worse than the other two genotypes, but due to the small number of subjects with the TT genotype in our fMRI data, we had to combine the TT and TC genotypes to form the group of T carriers. This strategy could have led to an underestimation of the recessive genetic effect. Future studies should use large sample sizes to specifically examine the recessive effect. Third, because we wanted to control for the potential confounds of premorbid intelligence level in this study of neural and genetic bases of SCZ and its cognitive endophenotypes, we tried to match the patients and the controls in terms of education, which could reflect premorbid IQ in patients. In addition, we used computerized tasks to measure cognitive functions in this study, which would be difficult for the patients who were seriously impaired or had a low level of education. However, there were still differences in IQ between patients and controls after controlling for their education level, age, and gender. Although such results were consistent with previous reports that patients should have lower IQ than controls (Donohoe et al, 2009) , they nevertheless might have confounded to some extent our results between genetic variants and cognitive abilities because some of our cognitive measures were moderately correlated with IQ. In the end, one strength of the study (ie, the two groups matched in education) is also a weakness because the mean IQ of our SCZ sample was neither matched with that of the controls nor as low as typical SCZ patients. Finally, our fMRI version of the N-back task used an A-B-B-A design, which may result in BOLD response habituation and subjects' fatigue during the prolonged 2-back condition. Therefore, we need to be careful when comparing the results of this study to those of others that used different designs.
In conclusion, we found that the SCZ risk allele of rs3782206 was significantly associated with both working memory and attentional control. We also found that the risk allele was associated with significantly reduced activation at the right IFG and reduced FC between the right IFG and bilateral DLPFC. These results together furthered our understanding of the association between rs3782206 and SCZ and should be of value to theoretical models of the pathogenesis of SCZ that link genetic polymorphism, cognitive impairments, brain dysfunction, and SCZ. 
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